The recently discovered Neuropeptide S (NPS) and its cognate receptor represent a highly interesting system of neuromodulation with unique physiological effects. On one hand, NPS increases wakefulness and arousal. On the other, NPS produces anxiolytic-like effects by acutely reducing fear responses as well as modulating long-term aspects of fear memory, such as attenuation of contextual fear or enhancement of fear extinction. The main sources of NPS in the brain are a few clusters of NPS-producing neurons in the brainstem. NPS binds to a G-protein-coupled receptor that is highly conserved among vertebrates and stimulates mobilization of intracellular Ca 2þ as well as activation of protein kinases. In synaptic circuits within the amygdala, which are important for processing of acute fear as well as formation and expression of fear memories, NPS causes increased release of the excitatory transmitter glutamate, especially in synaptic contacts to a subset of GABAergic interneurons. Polymorphisms in the human NPS receptor gene have been associated with altered sleep behavior and panic disorder. In conclusion, the NPS system displays a unique physiological profile with respect to the specificity and time course of its actions. These functions could provide interesting opportunities for both basic research and clinical applications.
Introduction
About 10-15% of adults are experiencing clinically relevant symptoms of anxiety disorders or post-traumatic stress disorders. Chronic anxiety disorders significantly reduce the quality of life for the affected patients. Research investigating the neurobiological basis of anxiety disorders and stress is therefore not only an academic challenge but could also have significant clinical and public health-related impact. Most importantly, better understanding of intra-and intercellular signal pathways in the critically involved synaptic networks of the brain are expected to yield novel insights for the development of focused drug-based therapies. Besides the ''classical'' transmitter systems, neuropeptides have received increasing attention since they appear to play a central role in modulation of information processing particularly in those brain areas that are involved in expression of fear or stress. The recently discovered neuropeptide S (NPS) and its cognate receptor (NPSR) display a spectrum of effects that are highly interesting to basic research on anxiety disorders. NPS produces anxiolytic-like effects in rodents while increasing wakefulness at the same time (Xu et al., 2004; Vitale et al., 2008; Rizzi et al., 2008) . The anxiolyticlike effect of NPS has been confirmed in a number of preclinical mouse and rat models predictive of anxiolytic action, including the four-plate test, elevated zero maze, stress-induced hyperthermia, and defensive burying (Leonard et al., 2008; Vitale et al., 2008) . While NPS is thus considered a potent anxiolytic compound, the studies to date have not revealed it to alter depression-related behavior (Leonard et al., 2008) . In any case, and of particular interest here, are genetic studies indicating that a variant of human NPSR with reduced agonist efficacy might be associated with panic disorder (Reinscheid et al., 2005; Okamura et al., 2007) . This paper presents recent findings to explain NPS-induced effects at the molecular, cellular and behavioral level, with a focus on circuits of the amygdala and related modulation of fear expression and memory.
Neuropeptide S and the NPS receptor
NPS and its receptor NPSR were first described in 2004 and represent a novel transmitter system that is found mainly expressed in the brain (Xu et al., 2004) . NPS contains 20 amino acids, is highly conserved among tetrapods, and was termed after its aminoterminal serine residue (S) found in all species examined so far (Reinscheid, 2007) (Fig. 1 A) . It is processed from a larger precursor protein (89 amino acids in rat). In the rat brain, NPS precursor mRNA expression is detected by in situ hybridization in three nuclei of the brain stem: a previously uncharacterized area between the locus coeruleus and Barrington's nucleus (Fig. 1 B) , an area near the lateral parabrachial nucleus and in the principle sensory 5 nucleus of the trigeminal system (Xu et al., 2004 (Xu et al., , 2007 . NPS is co-expressed with excitatory transmitters such as glutamate, acetylcholine or corticotropine releasing factor (CRF). The projection areas of these NPS-producing neurons are currently unknown, but are a focus of current studies. Outside of the central nervous system, the NPS precursor is expressed mainly in endocrine tissues (Xu et al., 2004) .
The NPSR is a typical member of the G-protein-coupled receptor superfamily. It is also known as GPR154, VRR1 or GPRA (Gupte et al., 2004; Laitinen et al., 2004) . It is mainly expressed in the brain (Xu et al., 2007) and its mRNA can be detected in brain areas involved in olfactory processing, such as anterior olfactory bulb, prepiriform and endopiriform cortex. NPSR expression was also found in brain areas critical for fear processing (e.g. amygdala and paraventricular nuclei of the hypothalamus) as well as brain regions involved in sleep-wake modulation (e.g. thalamic intralaminar nuclei, preoptic nucleus or tuberomammillary nucleus). Intracellularly, NPSR couples to G-proteins. Based upon the in vitro pharmacology of the NPSR, the G q and G s -type of G proteins are likely candidates, although alternative pathways including G a(olf) or G ßy -signaling cannot be excluded. Agonist binding leads to elevated intracellular Ca 2þ concentration and increase of cAMP formation via activation of adenylyl cyclase (Reinscheid et al., 2005) . In addition, NPSR activation stimulates mitogen-activated protein kinase (MAPK) phosphorylation (Reinscheid et al., 2005) . In essence, NPS binding to its receptor induces a number of intracellular signaling cascades which might produce numerous effects inside the cell. Recently, bicyclic piperazines (SHA 66 and SHA 68; Okamura et al., 2008) and NPS peptide analogues Guerrini et al., 2009) were identified as effective NPSR antagonists. Details of NPSinduced intracellular signal transduction events are currently under investigation. The human NPSR gene is encoded by at least 9 exons and is located on chromosome 7p14. A number of polymorphisms have been identified in the human NPSR gene and associated with increased risk of asthma (Laitinen et al., 2004) or circadian phenotypes (Gottlieb et al., 2007) . One single nucleotide polymorphism leads to an Asn/Ile exchange in position 107 (N107I), which results in an increase in the potency of NPS at NPSR-Ile 107 (Reinscheid et al., 2005; Bernier et al., 2006) . Structural characterization of NPS and mutagenesis studies showed that the NH(2)-terminal third of NPS are necessary and sufficient for activation of NPSR (Bernier et al., 2006) . Furthermore, part of a nascent helix within the peptide might act as a regulatory region that inhibits receptor activation. This inhibition is absent in the Ile 107 variant of NPSR, suggesting that residue 107 interacts with the regulatory region of NPS (Bernier et al., 2006) . Of particular interest here is a study reporting that the less active isoform NPSR-Asn 107 is underrepresented in a male cohort of panic disorder patients, while samples from healthy volunteers, patients diagnosed with schizophrenia or attention deficit/hyperactivity disorder displayed no association with any of the two NPSR alleles (Okamura et al., 2007) . Therefore, the NPSR gene might be involved in the pathogenetic mechanisms of anxiety or panic disorders in a gender-specific manner.
NPS-mediated control of transmitter release in the amygdala
The amygdala -located in the temporal lobe of the brain -is a key structure of the limbic system and is composed of anatomically and functionally distinct nuclei. The amygdala plays a central role in processing and expression of emotions, especially during formation and consolidation of fear-related memory traces (reviewed in Maren and Quirk, 2004) . Fig. 2 provides an overview about the functional and structural organization of amygdalar nuclei that have been proven relevant for NPS action so far. The lateral (LA), basolateral (BLA) and basomedial amygdala form the basolateral amygdaloid complex. The LA receives afferent inputs from various brain regions (e.g. thalamus, prefrontal cortex (PFC), brainstem, and hippocampus) and is axonally connected to BLA and the central amygdala (CeA), which provides the major output station of signals to the brainstem and hypothalamus. Signal processing within the amygdala involves excitatory projection or principal neurons as well as interneurons (reviewed in Sah et al., 2003) that are characterized by the inhibitory transmitter gammaamino butyric acid (GABA). There are two main populations of amygdala GABAergic interneurons: a) ''local'' interneurons that mediate inhibitory activity within particular nuclei and b) so-called ''intercalated'' or ''paracapsular'' interneurons that are located between the different subnuclei of the amygdala. The intercalated paracapsular interneurons are subdivided again into two groups: a lateral paracapsular (lpara IN) population located next to the lateral and basolateral amygdala (LA/BLA) thus controlling the main input structure of the amygdala complex, and a second group of medial paracapsular (mpara IN) interneurons located next to the central amygdala (CeA) and thus controlling the main output nucleus (Royer et al., 1999) . The anatomical location of these two populations of paracapsular interneurons implies already their distinct functions in controlling either in-or output signals of the amygdala. The amygdala forms connections with an extremely diverse array of structures including cortex, striatum, some thalamic and hypothalamic nuclei, as well as various basal forebrain structures and brainstem nuclei (reviewed in Pitkä nen et al. , 2000) . As a result, the amygdala is in a position to influence a wide variety of processes from autonomic and motor control to memory formation and neuromodulation. Two recent publications now explain how NPS is modulating this signaling network within the amygdala. The results are summarized in Fig. 3 . Using electrophysiological recordings of single units in the endopiriform cortex (EPC) in mouse brain slices, Meis et al. (2008) demonstrated that NPS produces a depolarizing membrane current and thus causes an increase in neuronal excitability (Fig. 3 EPC) . By releasing the transmitter glutamate, the EPC projection neurons (EPC PN) convey excitatory input onto their targets in the amygdala. Increased discharge of EPC PN has two consequences within the basolateral amygdala complex (Fig. 3  BLA) . On one hand it produces increased activation of monosynaptically connected projection neurons as well as local inhibitory interneurons that are measurable as increased frequencies of spontaneous excitatory postsynaptic potentials in both types of neurons ( Fig. 3 BLA 1) . On the other hand, local interneurons are connecting via GABAergic synapses with projection neurons of the BLA, so that NPS-mediated activation of projection neurons also results in an increase of interneuron inhibitory postsynaptic currents (sIPSCs) via a disynaptic circuit ( Fig. 3 BLA 2) .
In another study from the same year, Jü ngling et al. (2008) demonstrated a specific regulatory effect of NPS directly within amygdala networks. An important step was the cell-specific localization of NPSR expression in projection neurons of the amygdala, in particular in LA/BLA principle neurons, through single cell RT-PCR analyses. The GABAergic interneurons of the mouse amygdala lack NPSRs. It is important to note that these studies have been performed in mice, and that evidence demonstrates clear differences in NPSR localization between the rat and mouse amygdala. In any case, a subpopulation of LA PN forms excitatory synapses on medial paracapsular interneurons (mpara IN) that are found in between the LA/BLA complex and the central amygdaloid nucleus (CeA). Electrical stimulation with an extracellular electrode in the LA produces synaptic transmission onto mpara IN and postsynaptic events can thus be recorded (Fig. 3 mpara) . NPS-induced activation of NPSR leads to a significant increase in evoked postsynaptic currents in mpara IN. Simultaneously, probability of transmitter release is also increased at the presynaptic endings of LA PN. Lateral and medial to the basolateral complex, clusters of inhibitory interneurons form the intercalated or paracapsular cell masses (lpara, mpara). The LA receives afferent inputs from various brain regions (e.g. thalamus, prefrontal cortex (PFC), brain stem, and hippocampus) and is axonally connected to BLA and CeA. A sub-population of LA neurons innervates mpara interneurons, which in turn are connected to CeA by inhibitory synapses. The BLA receives information from the LA, the endopiriform cortex (EPC) and other brain regions, and projects to LA and CeA. The CeA represents a main output station of the amygdala to the brain stem and hypothalamus. B) Identification of GABAergic neurons and NPS-receptors in the mouse amygdala. In amygdala slices of transgene GAD67-GFP mice (Tamamaki et al., 2003) , GABAergic neurons can be identified in lpara, mpara and CeA by their expression of a GAD67-GFP fusion-protein (upper left panel; GAD67: glutamic acid decarboxylase, 67 kDa; GFP: green fluorescent protein). Higher magnification exemplifies the morphology of a GAD-negative projection neuron (lower panel, left; stained with biocytin) and a GAD-GFP positive GABAergic interneuron (lower panel, right). Detection of NPS-receptor mRNA through in situ hybridization in LA and EPC (upper right panel).
NPS-mediated enhancement of transmitter release is however unclear at this point. It is possible that activation of presynaptic protein kinase A (PKA) could contribute to these changes in transmitter release. Such a mechanism has already been demonstrated in presynaptic terminals of cortical inputs to LA/BLA complex (Humeau et al., 2003) . The results also imply that increased excitation of mpara IN might lead to an increase in their intrinsic activity. This hypothesis could be verified indirectly by recordings of biphasic postsynaptic currents from projection neurons of the central amygdala (CeA). Biphasic currents are composed of a monosynaptic (direct) excitatory input and a bisynaptic (via interneuron) inhibitory component (IPSC) (Fig. 3 CeA) . Recordings of these biphasic currents in CeA PN that were produced by extracelluar stimulation in LA, showed that NPS administration specifically increased the IPSC component of the postsynaptic effect while the excitatory input remained unchanged. Therefore, NPS appears to enhance a feed-forward inhibition of CeA PN that is mediated most likely by mpara IN.
The studies by Meis et al. (2008) and Jü ngling et al. (2008) demonstrate for the first time that NPS-induced activation of NPSR is able to modulate both afferent and intrinsic transmission in the amygdala in a specific manner.
Attenuation of fear and modulation of fear memories by NPS
What are the behavioral and physiological consequences of the NPS-mediated specific modulation of synaptic function in the amygdala? In initial experiments, i.c.v. administration of NPS was found to decrease all stages of sleep in rats, accompanied by a dosedependent increase of locomotor activity (Fig. 4 A; Xu et al., 2004) . Furthermore, i.c.v. NPS has been shown to be anxiolytic in the marble-burying test and stress-induced hyperthermia test, separating anxiolytic-like effects of NPS from locomotion Xu et al., 2004; Leonard et al., 2008; Vitale et al., 2008) . Other studies investigating potential NPS effects on anxiety-like behaviors and fear memories have used bilateral local injections into the amygdala instead of the i.c.v. route of administration.
An assay of general anxiety is, for example, the ''open field test''. In this paradigm the animals are placed in an arena consisting of an open field surrounded by walls and can choose to travel close to the ''protected and safe'' areas close to the walls or explore the ''unprotected and potentially dangerous'' center. Acute administration of NPS, either i.c.v. (Xu et al., 2004) or bilateral intraamygdala (Jü ngling et al., 2008) , produced a significant decrease of anxiety-related behaviors in mice (Fig. 4B) . Increased time spent and increased number of visits in the ''unprotected'' center of the arena were used as indicators for this anxiolytic-like effect of NPS in the open field test. While i.c.v. administration of NPS also causes increased locomotion in this test (Xu et al., 2004) , this effect was absent after local intra-amygdala injections (Jü ngling et al., 2008) . Additional tests, such as ''elevated plus maze'' or ''light-dark avoidance'' confirmed the anxiolytic-like effects of NPS after both i.c.v. (Xu et al., 2004) and local intra-amygdala administration (Jü ngling et al., 2008) . In order to distinguish between the effects of exogenously administered NPS and endogenously released NPS, the specific NPSR antagonist SHA 68 was injected locally into the amygdala. Under these conditions, the antagonist produced anxiogenic effects, indicating that endogenous NPS release might contribute to an anxiolytic role of the NPS system (Jü ngling et al., 2008) . The physiological conditions under which NPS release occurs in vivo are, however, currently unknown.
Pavlovian fear conditioning is an established model for emotional memory that can be tested in experimental animals as well as -in a modified version -in humans (LeDoux, 2000) . In this paradigm, an aversive stimulus (unconditioned stimulus, US; e.g. short electric foot shock) is associated with a neutral stimulus (conditioned stimulus, CS) if they correlate temporarily. The conditioned stimulus can be linked specifically to either a cue (e.g. tone or light) or a context (e.g. olfactory, visual or tactile environment). After the training (pairing of US-CS), associative fear memory is tested by presentation of CS alone, and fearful responses can be recorded reliably by measuring ''freezing'' behavior Seidenbecher et al., 2003) . Test at different intervals after the training allow an assessment of short-or long-term memory formation (Narayanan et al., 2007) . Repeated presentation of CS alone without the aversive stimulus leads to a gradual decline in fear responses, which indicates extinction of fear memory. Current theories emphasize that fear extinction requires renewed learning and memory formation, rather than erasing of previous memory traces, implying a competition of newly learned extinction with previously acquired fear memories (Maren and Quirk, 2004) . The observation that initially established fear memories can reappear spontaneously or be triggered by cues supports this hypothesis (Quirk and Mueller, 2008) . The re-emergence of fear memories is especially relevant in the clinical context of posttraumatic stress disorder where patients often relive previous traumatic experiences.
The effect of NPS on formation of emotional memories was tested in a model of Pavlovian fear conditioning, measuring either cue-induced or context-induced fear conditioning as well as acquisition, consolidation and extinction of these memory traces. After context-induced fear conditioning in mice, local injection of NPS into the endopiriform cortex (EPC) produced a significant decrease of fear behavior over time (Fig. 4C) . In contrast, NPS had no effect on acquisition, consolidation or recall of the conditioned fear (Meis et al., 2008; Jü ngling et al., 2008) . Only when measuring fear extinction, a specific effect of NPS was uncovered. Moreover, after local administration of NPS into the LA/BLA complex of the amygdala, an accelerated reduction of fear responses during repeated presentation of the conditioned stimulus (CS) was detected, indicating accelerated extinction learning (Fig. 4D) . Mice in which endogenous NPS signaling was blocked by the specific NPSR antagonist SHA 68 displayed significantly delayed extinction learning as well as attenuated consolidation and recall of extinction 24 h later (Fig. 4 D) . Neither the acquisition nor the retrieval of fear memory were affected by NPS or the NPSR antagonist. Thus, NPS in the amygdala engages cellular processes that facilitate fear extinction in addition to its effect on fear expression.
How might this dual effect of NPS be mediated? One likely route involves mobilization of intracellular Ca 2þ upon activation of NPS receptors (Reinscheid et al., 2005) . NPS receptors are located at glutamatergic synapses from LA principal neurons to mpara IN, and receptor activation results in an increase in glutamate release (as described above). Importantly, the mpara IN are essential mediators of fear extinction, as indicated by the finding that pharmacotoxical inactivation prevents extinction of conditioned fear (Likhtik et al., 2008) . The NPS-mediated increase in glutamatergic transmission to this population of GABAergic neurons can thus be assumed to facilitate fear extinction. Furthermore, the mpara IN innervate the CeA, and their increased glutamatergic excitation will impose an additional inhibitory influence on the CeA, the major output station of the amygdala for expression of fear behaviour. Importantly, NPS receptors are positively coupled to the cAMP/PKA system (Reinscheid et al., 2005) . A result of NPS receptor-activated cAMP/PKA is phosphorylation of MAPK (Reinscheid et al., 2005) , potentially giving rise to long-term effects involving nuclear regulation of protein synthesis. In fact, fear extinction is sensitive to modulation of kinase activity in the BLA complex, including the MAPK-ERK pathway (Lu et al., 2001; Herry et al., 2006) , and requires de novo protein synthesis in the BLA (Yang and Lu, 2005) . NPS may thus represent a transmitter system supporting a link to In the open-field test, i.c.v. infusion of NPS has an anxiolytic-like effect, as indicated by a higher fraction of center visits, and affects locomotor activity, as indicated by an increase in distance travelled in the ''protected'' areas (mean AE SEM; **p < 0.01 compared to saline controls; modified from Xu et al., 2004) . C) Local application of NPS into the endopiriform nucleus reduces context-conditioned freezing in a dose-dependent manner. During the time-course of contextual fear memory retrieval less freezing occurs in NPSinjected animals compared to saline-injected controls (mean AE SEM; *p < 0.05; modified from Meis et al., 2008) . D) Local application of NPS into the lateral amygdala facilitates extinction of conditioned fear. Cue-conditioned (CS) fear-responses (freezing) decline during extinction learning and remain at a low level during extinction recall, but can be reinstated upon CS exposure after unsignaled US presentation in the extinction context (reinstatement). NPS has no effect on the initial responses to the CS, but accelerates extinction learning. During presence of an NPS receptor antagonist (SHA68), extinction learning and recall are significantly impaired (mean AE SEM; *p < 0.05, **p < 0.01; modified from Jü ngling et al., 2008).
these processes in principal neurons in the LA, thereby enabling a lasting increase in efficacy of synaptic connections to GABAergic mpara IN and a modulation of fear extinction on a long term scale.
Conclusions
The recently discovered Neuropeptide S and its cognate receptor represent a system of neuromodulation with unique physiological and potential clinical effects. The major (albeit not exclusive) source of NPS in the brain is a cluster of NPS-positive neurons in circumscribed regions within the brainstem. The NPS system mediates specific effects on synaptic transmission to and within the amygdala, which are important for processing of acute fear as well as extinction of fear memories. Specifically in mouse models predictive of anxiolytic action, NPS has a dual function to acutely attenuate anxiety-like responses and later facilitate extinction of aversive memories. A polymorphism in the human NPS receptor gene resulting in an alteration in the potency of NPS for NPSR has been found to correlate with panic disorder. Whether or not the specific profile of NPS action in amygdaloid circuits might be therapeutically beneficial during conditions of increased anxiety or posttraumatic stress disorders remains to be delineated.
